Epidemiological studies show that susceptibility to multiple sclerosis (MS) has a strong genetic component, but apart from the HLA gene complex, additional genetic factors have proven difficult to map in the general population. Thus, localized populations, where MS patients are assumed to be more closely related, may offer a better opportunity to identify shared chromosomal regions. We have performed a genome-wide scan with 834 microsatellite markers in a data set consisting of 54 MS patients and 114 healthy family members. A group of families from a small village were possible to track back to common ancestors living in the 17th century. We used single marker-and haplotype-based transmission disequilibrium test (TDT) analysis and nonparametric linkage analysis to analyze genotyping data. Regions on chromosomes 2q23-31, 6p24-21, 6q25-27, 14q24-32, 16p13-12 and 17q12-24 were found to be in transmission disequilibrium with MS. Strong transmission disequilibrium was detected in 14q24-32, where several dimarker haplotypes were in transmission disequilibrium in affected individuals. Several regions showed modest evidence for linkage, but linkage and TDT were both clearly positive only for 17q12-24. All patients and controls were also typed for HLA class II genes; however, no evidence for a gene-gene interaction was observed.
Introduction
The identification of genes causing Mendelian disorders has frequently been successful, 1,2 whereas genetic analysis of complex disorders is much more difficult. Epidemiological studies show that multiple sclerosis (MS) has a substantial genetic component, 3, 4 but only HLA genes have so far been confirmed to be of importance. 5, 6 Extensive efforts in linkage analysis have failed to provide more than a number of uncertain and vaguely delineated loci, probably since several genes with moderate effects influence the disease susceptibility. In isolated/localized populations, the number of diseasecausing genes should be lower than in an 'outbred' population. Individuals in isolated populations should furthermore share larger chromosomal segments containing disease genes brought into the population by common ancestors. Therefore, isolated populations could offer an opportunity for efficient identification of chromosomal regions containing disease genes. 7, 8 Indeed, in a recent study of a localized MS population from the very north of Sweden, we have managed to identify chromosomal regions, some of which overlapped with previously identified candidate linkage regions. 9 Here, we focus on a family material collected in Värmland, a county in the west part of Sweden, where a high mortality from MS has been recorded. 10 This data set includes a number of pedigrees collected in the small village of Lysvik. These pedigrees were possible to track back to a common ancestor, born in the 16th century, who immigrated from Finland.
Results
By haplotype-based transmission disequilibrium test (TDT) analysis, the Lysvik and Värmland data sets were studied individually and combined. In the Lysvik data set containing only eight families, P-values lower than 0.05 were frequently observed; however, bootstrapping simulations rarely confirmed their significance. In surprising contrast, the Värmland and combined data sets indicated several interesting regions that were further supported to be significant by the bootstrapping test. Combination of the two data sets in most cases increased the degree of significance observed in Värm-land data set alone; therefore, only results from the combined data set are presented ( Table 1) .
The most significant results were observed on chromosome 14q24-32 ( Figure 2 and Table 1 ). In this locus, nine haplotypes from the complete data set had P-values lower than 0.05 and significance confirmed by bootstrapping (Table 1) . Several of these haplotypes also showed significant P-values in the Värmland and Lysvik data sets individually. Single marker TDT analysis showed that one allele of marker D14S1050 was transmitted to patients 16 times and nontransmitted three times (Po0.003) ( Table 2) . Only low nonparametric linkage (NPL) scores were detected by linkage analysis for this region.
On chromosome 6, two interesting regions were identified (Table 1) . In chromosome 6q25-27, several dimarker haplotypes were significant in the Värmland and complete data sets. By single marker TDT, two alleles for marker D6S1719 were in significant transmission disequilibrium, one allele being more frequently transmitted to patients (Po0.003) and the other undertransmitted (Po0.005) ( Table 2 ). On the short arm of chromosome 6, harboring the HLA complex, several haplotypes showed significant results, although for HLA-DRB1 alleles no significant deviations were observed. A total of 54% of patients and 45% of controls were carriers of the MS-associated allele DR15. Classical TDT analysis did not show significant distortion of HLA-DRB1 allele transmission. No significant NPL scores were detected for the chromosome 6 markers.
In chromosome 2q23-31, alleles of several individual markers and marker pairs were transmitted to the patients more frequently than expected. This was observed for the Lysvik as well as the Värmland data sets. In the whole data set, haplotypes formed by marker pairs D2S2324-D2S142 and D2S2324-D2S1353 were in transmission disequilibrium, which was also significant according to bootstrapping (Table 1) . Classical TDT analysis showed that one D2S2324 allele was transmitted to patients 18 times and nontransmitted five times (P¼0.007). This region displayed an NPL of 1.6 by Genehunter; however, this score was not statistically significant (P¼0.07). 
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On chromosome 17q12-24, a D17S787 allele was in strong transmission disequilibrium by classical TDT (Po0.0005) ( Table 2 ). In the Genehunter analysis, based on the Lysvik families, the NPL score for this locus was 1.9 ( Figure 3 ). In addition, several marker pairs in this region showed significant P-values in all data sets.
Interesting findings were observed on chromosome 5q22-23. By nonparametric linkage analysis, this region had an NPL score over 2 and a D5S404 allele showed a Pvalue of 0.008 by TDT ( Figure 3 and Table 2 ). Haplotypes formed by markers D5S2501 and D5S644 also showed significant P-values in both Lysvik and Värmland data sets, which in both cases was confirmed by bootstrapping tests. However, in the combined data set, significant P-values were not observed, since different haplotypes were in transmission disequilibrium with disease in the Lysvik and Värmland data sets.
Three dimarker haplotypes and one individual marker showed significant P-values on chromosome 16p13-12 (Tables 1 and 2 ). In several additional regions, promising results were observed by classical (Table 2) as well as by haplotype-based TDT analysis, however only for single markers or marker pairs and just in one type of analysis.
The genome-wide linkage analysis resulted in nominally significant (Po0.05) NPL scores for four additional regions. These loci were in 2q14-21, 5q22-23, 10q11-22 and 21q21 (Figure 3) . On chromosome 21q21, an NPL score higher than 2 was observed and a D21S1899 allele was in transmission disequilibrium ( Table 2) .
Discussion
In the analysis of a family material collected in Värmland County, several interesting regions were identified. Most of these regions have already been considered as MS candidate loci after showing some evidence for linkage in previous studies. Thus, the 14q24-32 region is within a suggestive linkage peak in a Finnish genome scan; however, only weak linkage was observed in our study (NPL score o1).
11 In a study of the isolated population of Ö verkalix in northern Sweden, this region was also clearly positive according to haplotype-based TDT (Giedraitis et al, to be published). Likewise, a British linkage screen showed indications for the importance of the q-telomeric region of chromosome 14. 12 Genes in the HLA class II region are known to be of importance in MS, increasing the risk of disease 3-4 times. 5 Here, several dimarker haplotypes were in transmission disequilibrium. Inspite of this, HLA-DR genes were not associated with disease. The MSassociated DR15 allele was carried by 54% of patients and 45% of controls. Failure to detect association to HLA-DR genes may be due to the fact that the family controls used in the analysis have a higher frequency of the HLA antigens associated with MS than a random control sample. The commonly reported frequency of DR15 was 60% in MS patients and 30% in Nordic controls. 5 We also observed transmission disequilibrium with markers at the telomeric part of the long arm of chromosome 6, a region within a linkage peak in a meta-analysis of genome scans. 13 In a Finnish genome-wide scan, the 17q22 region showed a suggestive lod score of 2.8, 11 further supported by a British genome-wide screen in which it showed the second-highest MLS score after HLA. 12 This observation was confirmed in a recent British linkage disequilibrium scan on pooled DNA.
14 Furthermore, a Finnish group has narrowed down candidate region on chromosome 17q22-24 to 2.5 Mb, a distance quite affordable for candidate gene analysis with current molecular biology techniques. 15 The 2q23-31 region showed a lod score of B1.0 in the previous Nordic sib-pairs study 16 and was supported also in the Finnish study. 11 This region is at approximately 10 cM distant from the CTLA-4 gene, which, in previous studies from several groups, was reported to be associated with MS. Figure 2 Haplotype-based TDT analysis results for chromosome 14. Open triangles represent the Värmland data set, closed circles complete data set. All displayed haplotypes were shown to be significant by a bootstrapping test.
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We analyzed our data using classical TDT analysis as well as a haplotype-based TDT test. It seems clear that haplotype analysis was more powerful than classical TDT in this material. In several cases, where by single marker TDT only one marker was associated, haplotypebased TDT showed a number of associated dimarker haplotypes, adding substantial evidence for the importance of that particular region.
In a localized population, where common ancestry may be assumed for a large number of patients with complex disorders, the possibility of identifying shared haplotypes depends on the size of these haplotypes. From previous estimations, it seems likely that a marker map of 10 cM, frequently used in linkage analysis, may well miss such haplotypes. Therefore, it appeared to be crucial to apply a denser marker map on this data set. In fact, we may still miss shared haplotypes even with a marker map of 5 cM. Thus, it is somewhat surprising that the Lysvik pedigree, where common ancestry was indeed shown, was less informative than the rest of the data set. In this perspective, it is comforting that the combination of the two data sets in most cases increased the degree of significance. This therefore suggests that the genetic factors acting on the general population may indeed be the same as those constituting the genetic background for the cluster in Lysvik. This may be of some significance for the understanding why such genetic clusters of polygenic diseases may occur. Indeed, our data effectively exclude that a single strongly acting gene causes this cluster. In this respect, our data are similar to those obtained from another Swedish localized-isolated population, although only one region, chromosome 14q24-32, was clearly overlapping between these populations (Giedraitis et al, to be published). 9 Thus, clusters in two parts of Sweden seemed to be both polygenic and dependent on different genetic factors, most of which so far overlap with previously suggested MS loci. In both, the HLA genes seemed to be of only minor importance, although DR15 being a more frequent finding in patients.
All the regions identified in the current study are rather wide and require further delineation with a denser marker map. This is especially desirable for chromosome 14q24-31 where our most significant findings were observed.
Materials and methods
Patients and controls
Samples were collected in Värmland County of western Sweden along the border to southern Norway. In all, 54 MS patients and 114 healthy family members were studied. A total of 20 MS patients had both parents Genome-wide TDT screen in MS H Modin et al available; 19 MS patients had one parent and/or healthy sibs available. Eight MS families originated from Lysvik, a village with less than 1800 inhabitants (Callander et al, to be published). Using church records, it was possible to combine six of the Lysvik families into an extended pedigree originating from a common ancestor born in 1594 in Savolaks, Finland (Figure 1 ). In this extended pedigree, nine MS patients and 10 relatives were available for analysis, whereas four additional MS patients known to belong to this pedigree were not available (Callander et al, to be published). Two other families from Lysvik have so far not been mapped to the extended pedigree although being reported to live in Lysvik for generations, making a common ancestry with the extended pedigree likely. All pedigrees were validated by comparing the expected vs observed identical by state (IBS) allele distribution between every pair of individuals.
Markers and genotyping
A genome-wide scan was performed with 1040 microsatellite markers at deCODE Genetics, Inc. The markers were selected from the marker map developed at deCODE. The deCODE's High Resolution Genetic Map 20 was used to determine marker positions. A total of 834 markers had a success rate higher than 30% and were used for the statistical analysis. The average distance between markers used in the analysis was 4.4 cM. Cytogenetic locations of the markers were based on the Ensembl genetic map.
Additionally, all patients and controls were typed for HLA class II genes, which included DRB1 subtypes 1,4,7-18. This typing was performed at Division of Neurology, Karolinska Institutet using PCR amplification with sequence-specific primers (PCR-SSP) (Olerup SSP, Saltsjöbaden, Sweden).
Statistical analysis
We performed haplotype-based TDT and classical TDT for the individual markers. For the haplotype-based TDT, the TRANSMIT software developed by D Clayton was used. 21 The advantage of this method is that it allows calculation of a TDT statistic even if transmission is uncertain. The probability of haplotypes is calculated using healthy sib data or population allele frequencies. In order to gain power, we analyzed not only neighboring marker pairs, but all marker pairs within 20 cM, since not all markers are equally informative. Haplotype frequencies of 10% or higher were considered to be relevant. The significance of the results was evaluated by performing 10 000 bootstrapping samplings for every analysis point. For haplotype-based TDT, the eight families from Lysvik (Lysvik data set) were studied separately as were the other (Värmland data set) mainly single-case families, and finally all families were analyzed in combination. By classical TDT, only the combined data set was analyzed.
Additionally, we performed nonparametric linkage analysis, using Genehunter software. 22 The larger pedigree was split into nuclear families for the linkage analysis. In fact, only three families, all belonging to the extended Lysvik pedigree, were informative for linkage and were used for this analysis (Figure 1 ). Allele frequencies were calculated using healthy family members from the complete data set. NPL scores with nominal P-value less than 0.05 were considered to be significant.
